Appropriate variation of heading date within the optimum range in a particular region is an important objective in rice breeding programs. Quantitative trait loci (QTLs) conferring genetic variation for heading date were identified among the rice varieties in the northern-limits of rice cultivation, Hokkaido (Japan), Portugal, Hungary and Italy. Based on segregation analyses of heading date, these varieties were categorized into two groups: one included the Hokkaido varieties and the other included the European varieties. Two QTLs controlling heading date were detected on chromosomes 6 and 7 using backcross inbred lines (BILs) derived from a cross between Hayamasari (Hokkaido) and Italica Livorno (Italy). The most effective QTL, qDTH-7 on chromosome 7, accounted for 64.5% of total phenotypic variation. Also, clear relationships between days to heading and the marker genotypes that were located in the region of qDTH-7 were observed in the two BIL populations from the crosses of Hoshinoyume (Hokkaido) with Arroz Da Terra (Portugal) or Dunghung Shali (Hungary). Estimation of the photoperiod sensitivity for these varieties indicated that qDTH-7 is involved in photoperiod sensitivity. These results indicate that qDTH-7 was responsible for distinguishing the varieties in the northern-limits of rice cultivation into the two groups.
Introduction
For the development of commercial rice varieties, it is important to optimize the timing of the maturity for specific production environments. Heading date is a key determinant for rice maturity. Large efforts by rice breeding programs to improve heading date made rice production possible under various climatic conditions in latitudes ranging from 53°N to 40°S (Lu and Chang 1980 ). In the northern-limit of rice cultivation, low temperature and long natural daylength during the growing period are serious problems for rice, which is a tropical short-day plant. Only extremely early heading varieties are able to adapt to the northern-limit of rice cultivation. Extremely early heading has been a major target for rice breeding programs in northern-limit of rice cultivation, northern Japan, Europe, northern China and far-east Russia.
Hokkaido, Japan (42-45°N latitude) is one of several northern-limits of rice cultivation in the world. Extremely low photoperiod sensitivity might be essential for adapting to Hokkaido (Tanisaka et al. 1992 , Okumoto et al. 1996 , Ichitani et al. 1997 . However, despite the substantial characterization of the extremely low photoperiod sensitivity of the varieties in Hokkaido, little is known about the genetic basis of the variation for heading date among those varieties. A previous report demonstrated that a photoperiod sensitivity gene with a small effect mainly controls the heading date among the current Hokkaido cultivars (Fujino 2003) .
Due to its agronomic importance, many genetic studies for heading date have been carried out in rice. Molecular analyses have made it possible to characterize the genetic basis of heading date in rice. Identifying QTLs using interspecific or inter-subspecific crosses was important for understand the genetic basis of heading date in rice , Xiao et al. 1995 , Yano et al. 1997 , Doi et al. 1998 , Xiong et al. 1999 . However, it is not clear which of the genes previously identified contribute to the variation of heading date in particular regions.
The genetic diversity of modern rice cultivars has been reduced due to intensive breeding efforts (Dilday 1990 , Cuevas-Perez et al. 1992 . Genetic uniformity could become a problem for the selection of germplasm to develop improved varieties. A more diverse germplasm would enhance the selection efficiency of desirable varieties in the rice breeding programs. It is unclear whether genetic variation of heading date among extremely early heading varieties is the result of combining the alleles of the known genes or new gene(s) found in such varieties. The objective of this study was to investigate the genetic variation of heading date among varieties adapted to the northern-limits of rice cultivation, Hokkaido, Portugal, Hungary and Italy. In the present study, genetic and physiological analyses of heading date were performed. We identified QTLs for heading date conferring genetic variations among those varieties.
Materials and Methods

Plant materials
Five japonica rice varieties, Oryza sativa L., from the northern-limits of rice cultivation were used: Hayamasari and Hoshinoyume from Hokkaido, Arroz Da Terra from Portugal, Dunghung Shali from Hungary, and Italica Livorno from Italy (Table 1) . Two japonica varieties, Kitaibuki and Aya, which are an early and late heading type, respectively, in Hokkaido, were also used for comparison. F 1 plants, F 2 populations and backcrossed inbred lines (BILs) were made from the crosses among these varieties. The plant populations were listed in Table 2 with the population size and the year cultivated. These populations with their parental varieties were grown under natural field conditions in the Hokkaido Green-Bio Institute, Naganuma (43°03′ N), Hokkaido, Japan, in 1995 , 1999 . Germinated seeds were sown in nursery beds in a greenhouse, and 4 week-old seedlings were then transplanted in paddy fields with a spacing of 35 × 12.5 cm. In 1995, sowing and transplanting were performed on April 25 and on May 24, respectively; in 1999, they were performed on April 22 and on May 21, respectively; in 2002, they were performed on April 26 and on May 21, respectively. The heading date of each plant was determined by monitoring for the appearance of the first panicle and was expressed as the number of days from sowing to heading.
Estimation of photoperiod sensitivity
To estimate the photoperiod sensitivity of varieties, rice plants were grown in greenhouses under 9-hour and 16-hour daylength conditions as described previously (Fujino 2003 ). Eight plants of each variety were examined. Photoperiod sensitivity was estimated as the difference in the number of days to heading between plants grown in the two daylength conditions.
Mapping populations
Three populations of BILs were developed using the procedure described by Fujino et al. (2004) . For the 122 BILs (BC 1 F 6 ) generation, from the cross of Hayamasari/Italica Livorno//Hayamasari developed previously (Fujino et al. 2004) , five plants of each line and the two parental varieties were cultivated in 1999. The mean number of days to heading in each line was used in the QTL analysis. Eighty-eight and 82 BILs (BC 1 F 5 ) generation, from the crosses of Hoshinoyume/Arroz Da Terra//Hoshinoyume and Hoshinoyume/Dunghung Shali//Hoshinoyume, respectively, were developed and grown in 2002. For the two BIL populations, the number of days to heading for one selected individual of each line was used for statistical analysis. Leaf tissue from the selected individual was collected for the extraction of total DNA. 3) 9 hr and 16 hr indicate 9-hour and 16-hour daylength conditions evaluated in the greenhouse, respectively. 4) Photoperiod sensitivity (PS) was estimated as the difference in days to heading between plants grown under 16-hour and 9-hour photoperiods. Significance was tested by the t-test. * and ** indicate significance at the 5 and 1% levels, respectively. 5) Reference (Fujino 2003) . 
Marker and QTL analysis
A subset of data consisting of 139 RFLP and 47 SSR markers in our previously published linkage map of the BILs from the cross between Hayamasari and Italica Livorno (Fujino et al. 2004) were used for QTL mapping for heading date. The linkage map covered about 90% of the rice highdensity linkage map (Harushima et al. 1998) . Composite interval mapping was performed to identify QTLs by using the software package QTL CARTOGRAPHER with forwardbackward regression (Zeng 1993 , Zeng and Weir 1996 , Basten et al. 1998 . The experiment-wise LOD (log of the odds ratio) threshold significance level was determined by computing 1,000 permutations of each character (Churchill and Doerge 1994) , as implemented by QTL CARTOGRAPHER. The detection threshhold for QTLs in this study was a LOD of 3.21, which corresponds to an experiment wise P = 0.05.
The genotypes of the SSR marker RM1306 (McCouch et al. 2002) were determined, which was linked to qDTH-7 on chromosome 7 detected in the above QTL analysis. The DNA extraction and polymerase chain reaction (PCR) procedures were as described by Fujino et al. (2004) . The mean of days to heading was compared between each genotype classes by the t-test in the two BIL populations from the crosses of Hoshinoyume with Arroz Da Terra or Dunghung Shali.
Results
Phenotypic variation
Small differences in days to heading were observed under the 9-hour daylength condition among the varieties in Hokkaido and Europe (Table 1) . However, there was a relatively large variation in photoperiod sensitivity. The photoperiod sensitivities of the European varieties were larger than that of Aya (Table 1) . Days to heading under field conditions were significantly correlated (R 2 = 0.80, P < 0.01) with photoperiod sensitivity measured in the green house among the seven varieties, suggesting that photoperiod sensitivity largely determined heading date in a paddy field.
Genetic characterization
Days to heading of the F 2 populations from the crosses of Hayamasari with Arroz Da Terra, Dunghung Shali or Italica Livorno showed continuous segregation with both early and late transgressive segregants (Fig. 1A-1C) . These populations exhibited similar segregation patterns and ranges of days to heading, suggesting that there were several loci for heading date segregating in these crosses. The heading dates of all F 2 plants from the crosses of Arroz Da Terra with Italica Livorno or Dunghung Shali were within the ranges of the parents, except for some late transgressive segregants ( Fig. 1D and 1E) . The results suggest that the genetic bases of heading date are different in the two groups of rice from Hokkaido and Europe.
QTL mapping of heading date
The mean of days to heading was 86 days (range 85-87 days) for Hayamasari and 102.9 days (range 99-105 days) for Italica Livorno (Fig. 2) . Transgressive variation in both directions (range 80.6-109.4 days) was observed in the BILs from the cross between Hayamasari and Italica Livorno (Fig. 2) . A total of two QTLs controlling heading date were detected in the BILs (Fig. 3) . The Italica Livorno alleles for both QTLs increased the days to heading. The QTL with the largest effect, qDTH-7, was mapped near the marker RM1306 on the most distal end of the long-arm of chromosome 7. The phenotypic variation explained by qDTH-7 was 64.5%. The additive effect of the Italica Livorno allele was 7.1 days. The QTL, qDTH-6 detected near marker C235 on chromosome 6, accounted for 18.5% of the total phenotypic variation, and the additive effect of Italica Livorno allele was 3.9 days.
Comparison between days to heading and the marker RM1306 To clarify whether qDTH-7 contributed to the variation of heading date in the two BIL populations from the crosses of Hoshinoyume with Arroz Da Terra and Dunghung Shali, days to heading and RM1306, which is linked to qDTH-7 (Fig. 3) , were compared. Although parental differences of days to heading were relatively small, large and continuous variations with both early and late transgressive segregants were observed in the two BIL populations (Fig. 4) . Clear relationships between days to heading and the genotype of the marker RM1306 were observed (Fig. 4 and Table 3 ). The mean days to heading in the lines homozygous for Hoshinoyume alleles were significantly different from those homozygous for Arroz Da Terra or Dunghung Shali alleles (P < 0.001) in each BIL populations. The homozygous Arroz Da Terra and Dunghung Shali alleles increased days to heading. These results indicated that a QTL with large effects on heading date was located near the marker RM1306 in both BIL populations.
Discussion
Two different genetic bases for heading date were observed among the varieties in the northern-limits of rice cultivation. One was displayed by the group of varieties from Hokkaido. The other was displayed by the European varieties, represented by Arroz Da Terra, Dunghung Shali and Italica Livorno. The most effective QTL, qDTH-7, accounted for 64.5% of total phenotypic variation in the BILs from the cross between Hayamasari and Italica Livorno (Fig. 3) . The same results were obtained in the two BIL populations from the crosses of Hoshinoyume with Arroz Da Terra or Dunghung Shali (Fig. 4 and Table 3 ). The segregation analysis (Fig. 1) indicated that the QTLs found in Arroz Da Terra and Dunghung Shali were identical to qDTH-7 detected in Italica Livorno. These results indicated that the QTL, qDTH-7, was responsible for distinguishing the varieties in the northern-limits of rice cultivation into these two groups.
Furthermore, the photoperiod sensitivity of these varieties used in this study suggested that qDTH-7 might be involved in photoperiod sensitivity (Table 1 ). In the chromosomal region corresponding to qDTH-7, a photoperiod sensitivity QTL, Hd2, was previously identified (Yano et al. 1997 . In addition, the epistatic interactions between Hd2 and other QTLs were well characterized , 2003 Comparison of the chromosomal locations suggests that qDTH-6 might be the same as Hd1 (Se1) and dth6.1 (Yokoo and Kikuchi 1977 , Yano et al. 1997 , Xiao et al. 1998 . Se1 is an important locus for regional differentiation among Japanese cultivars, from South-west (31-36°N) to Tohoku (36-41°N) (Yokoo et al. 1980) . The phenotypic variation of qDTH-6 was relatively small and optimum for the range of heading date in Hokkaido. The allelic variations of qDTH-6 found between Hayamasari and Italica Livorno might be important for controlling heading date within the narrow range in Hokkaido and other northern-limit of rice cultivation.
The photoperiod insensitive allele at the E1 locus is essential for the extremely low photoperiod sensitivity to adapt to Hokkaido (Okumoto et al. 1996) . Segregation of E1 locus was not observed in this study, suggesting that the photoperiod insensitive allele at E1 was essential for these European varieties. The results of this study suggest some features of the selective pressures on the heading date genes in rice for adaptation to the northern-limit of rice cultivation. Varieties in Hokkaido carry the non-functional allele at qDTH-7. In contrast, varieties in Europe carry the functional allele at qDTH-7. Although these all varieties are classified into extremely early heading, genetic basis are quite different. Both Italica Livorno and Hayamasari are temperate japonica. However, based on molecular analysis, these are different groups among temperate japonica (Mackill 1995 , Mackill et al. 1996 . This suggested that the processes of adaptation to the northern-limits of rice cultivation, Hokkaido and Europe, might have occurred independently in time and space.
The optimum variation of the heading date was relatively small among the varieties from the northern-limits of rice cultivation. Genes with small effects on heading date are desirable in rice breeding programs in such regions. The segregation of days to heading in the F 2 populations from the crosses of Hayamasari with the three European varieties suggested that several genes with small effects control heading date (Fig. 1) . However, only two QTLs with large effects were detected in the BILs from the cross between Hayamasari and Italica Livorno. Due to the two QTLs with large effects, QTLs with smaller effects have not been detected in this study. The genetic diversity of modern rice cultivars has been reduced due to intensive breeding efforts (Dilday 1990 , Cuevas-Perez et al. 1992 . To develop new rice varieties, it may be necessary to introduce novel rice germplasm having another breeding history or related wild type germplasm possessing desirable traits (Ko et al. 1994, Yu and Nguyen 1994) . The results of the present study indicate that the germplasms from different northern-limits of rice cultivation might be a good source controlling heading date within their optimum range. 
